Neurobiology: Myelin Goes Where the Action Is  by Petersen, Sarah C. & Monk, Kelly R.
Current Biology
Dispatchesprotein, causes situs inversus due to
dysmotility of monocilia in the left-right
organizer. Hum. Mutat. 36, 307–318.
13. Choksi, S.P., Babu, D., Lau, D., Yu, X., and
Roy, S. (2014). Systematic discovery of
novel ciliary genes through functional
genomics in the zebrafish. Development 141,
3410–3419.
14. Kamura, K., Kobayashi, D., Uehara, Y.,
Koshida, S., Iijima, N., Kudo, A., Yokoyama, T.,R562 Current Biology 25, R549–R568, June 2and Takeda, H. (2011). Pkd1l1 complexes
with Pkd2 on motile cilia and functions to
establish the left-right axis. Development 138,
1121–1129.
15. Field, S., Riley, K.L., Grimes, D.T., Hilton, H.,
Simon, M., Powles-Glover, N., Siggers, P.,
Bogani, D., Greenfield, A., and Norris, D.P.
(2011). Pkd1l1 establishes left-right
asymmetry and physically interacts with Pkd2.
Development 138, 1131–1142.9, 2015 ª2015 Elsevier Ltd All rights reserved16. Sung, C.H., and Leroux, M.R. (2013). The roles
of evolutionarily conserved functional modules
in cilia-related trafficking. Nat. Cell Biol. 15,
1387–1397.
17. Zaidi, S., Choi, M., Wakimoto, H., Ma, L.,
Jiang, J., Overton, J.D., Romano-Adesman,
A., Bjornson, R.D., Breitbart, R.E., Brown,
K.K., et al. (2013). De novo mutations in
histone-modifying genes in congenital heart
disease. Nature 498, 220–223.Neurobiology: Myelin Goes Where the Action IsSarah C. Petersen1,* and Kelly R. Monk1,2,*
1Department of Developmental Biology
2Hope Center for Neurological Disorders
Washington University School of Medicine 660 South Euclid Ave, St. Louis, MO 63110, USA
*Correspondence: petersens@wusm.wustl.edu (S.C.P.), monkk@wustl.edu (K.R.M.)
http://dx.doi.org/10.1016/j.cub.2015.04.054
There is increasing evidence that neuronal activity modulates how axons are wrapped in myelin. Two recent
studies demonstrate that activity-dependent vesicle release from neurons regulates myelination in vivo.Plasticity is a feature of all nervous
systems, and modulation of neuronal
function drives the reconfiguration of
neuronal signaling. Proper function of
the vertebrate nervous system is
dependent upon the elaboration of a
myelin sheath surrounding axons. Myelin
is the lipid-rich, multilayered membrane
that surrounds axons and allows for rapid
propagation of action potentials. In the
central nervous system (CNS), myelin is
formed by specialized glia called
oligodendrocytes, which derive from
a ventral domain of the neural tube
during early development and from
subventricular cells in the brain later in
development. Although much CNS
myelination occurs in early postnatal
development, myelination continues well
into adolescence and even adulthood.
Thus, oligodendrocytes must select
axons for myelination within a
well-developed nervous system [1,2].
Further adding to this complexity is the
distribution of myelin throughout the
brain; not all axons are myelinated,
and those that are do not always possess
uniform myelination along the length of a
single axon [3]. How do oligodendrocytes
choose axonal segments to myelinate
within functioning neural circuits,and can this choice reflect a form of
nervous system plasticity? Two recent
complementary studies by Mensch et al.
[4] and Hines et al. [5] demonstrate
that neuronal activity is a key determinant
in axon selection by oligodendrocytes
in the CNS.
One simple mechanism for determining
whether or not an axon will become
myelinated relies on a ligand–receptor
pair. In the peripheral nervous system
(PNS), axons presentmembrane-tethered
Neuregulin (Nrg) ligand, which binds
ErbB2/3 receptors on Schwann cells, the
myelinating glia in the PNS. Nrg–ErbB
signaling is required for multiple stages
of Schwann cell development, including
controlling the amount of myelin the cell
makes: larger calibre axons present
more Nrg ligand such that myelin is
produced in proportion to axon diameter,
a key determinant of conduction velocity
[6,7]. However, although there are
certainly ligand–receptor pairs that
influence oligodendrocyte development,
no comparable cognate mechanism
has been described in the CNS that is
absolutely required for myelination,
especially one that acts as an instructive
cue in proportion to axon diameter.
Instead, known ligand–receptor pairsmediating CNS myelination have
inhibitory roles or paradoxical,
complex roles at different stages of
oligodendrocyte myelination [2]. The
necessity for inhibitory cues may be due,
in part, to an oligodendrocyte’s capacity
to indiscriminately myelinate in the
absence of instructive cues. In fact,
oligodendrocytes can myelinate inert
objects in vitro, such as nanofibres
and micropillars [8,9].
Thus, an instructive cue for the
myelination of select axonal segments
within a CNS circuit remained to be
identified. What feature(s) of active,
signaling neurons drives them to be
myelinated? To address this question,
Mensch et al. [4] and Hines et al. [5]
turned to zebrafish. Collectively,
their data support a model in which
activity modulates two phases of
CNS myelination: specification of
oligodendrocyte progenitor cells (OPCs),
as well as stabilization of nascent myelin
sheaths (Figure 1). Importantly, they find
that exocytic activity from neurons,
specifically synaptic vesicle release,
acts as a cue.
That neuronal activity might influence
myelination was proposed over 50 years
ago, as dark-reared mice possess fewer
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Figure 1. Synaptic vesicle release drives myelination.
Top: Synaptic activity from active neurons (yellow) promotes OPC specification (blue). Bottom: Actively signaling axons (yellow) are preferentially myelinated by
oligodendrocytes (blue). Synaptic vesicles are clustered at sites of oligodendrocyte contact, and nascent myelin sheaths are stabilized at these points. Axonswith
reduced synaptic activity (gray) are sampled by oligodendrocytes, but ultimately myelinated less often, and possess shorter myelin sheaths.
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Dispatchesmyelinated optic nerve axons than
normally-reared mice [10]. Could this
reduced myelination be due to an effect
on OPC number? Both Mensch et al. [4]
and Hines et al. [5] observed a small but
significant decrease in OPC specification
in zebrafish larvae expressing the
synaptic exocytosis inhibitor tetanus
neurotoxin (TeNT). Importantly, this
effect was limited to TeNT expression
in neurons, and not adjacent
oligodendrocytes, thus demonstratingCthat synaptic activity from axons
promotes oligodendrocyte myelination.
This finding complements classic
studies that show activity-dependent
proliferation of OPCs in rat optic nerve [11]
as well as recent optogenetic work
demonstrating that neuronal activity
promotes oligodendrogenesis in the
mammalian motor cortex [12].
Furthermore, this result is consistent
with recent studies indicating that
neurotransmitter release modulatesurrent Biology 25, R549–R568, June 29, 2015 ªprogenitor specification in the zebrafish
spinal cord [13] as well as with work
in the mammalian brain demonstrating
the presence of axon-to-OPC synapses,
mirroring axon-to-axon synapses,
that can regulate OPC proliferation
[14,15].
Prior to the initiation of myelination,
oligodendrocytes extend highly dynamic
exploratory processes amongst axons
and select axons for myelination within
a short developmental window [5,16].2015 Elsevier Ltd All rights reserved R563
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DispatchesInterestingly, both studies [4,5] identified
a role for synaptic activity upon individual
myelinating oligodendrocytes in this
context as well. In neurons with
silenced synaptic activity, axons were
hypomyelinated relative to actively
signaling neighbors. Myelin sheaths
were fewer in number, or shorter,
suggesting a variety of activity-dependent
influences on oligodendrocyte
myelination. Intriguingly, neuronal activity
does not appear to influence the sampling
window nor the initiation of myelination,
nor were axon size or diameter affected.
Thus, neuronal synaptic vesicle
exocytosis appears to have a specific role
in stabilizing nascent sheaths, which can
result in longer or more numerous
sheaths.
Could synaptic activity act as a local,
instructive cue for oligodendrocytes?
To begin to test this, Hines et al. [5]
visualized synaptic vesicles along axons
using in vivo imaging and found
preferential accumulation at sites of
active myelination, whereas vesicles
were motile along unmyelinated
segments. This result mirrors previous
studies demonstrating axon-to-OPC
synaptic contact [14] and suggests that
axon-to-oligodendrocyte signaling may
directly regulate sites of myelination.
How this is regulated in the context of
the CNS, in which axons also form
many en passant axon-to-axon synapses,
is not immediately clear. Nonetheless, the
idea that myelination of an axonal
segment is dependent upon formation of
an active axon-to-oligodendrocyte
synapse may help to explain why myelin
distribution along individual cortical
axons in the mammalian brain is highly
variable [3].
If synaptic vesicle release can function
as a local cue to stabilize nascent
sheaths, how does an oligodendrocyte
choose axons to myelinate amongst
the hundreds of actively signaling
axons within its environment? One clue
comes from differences in the results
of pharmacological manipulations
performed in the two studies. With global
reduction of neuronal signaling using
a sodium channel blocker, the overall
number and length of nascent myelin
sheaths did not change [5]. In contrast,
expression of an exocytosis-blocker
in a subset of neurons resulted in
hypomyelination specifically ofR564 Current Biology 25, R549–R568, June 2blocker-expressing axons [4,5].
Intriguingly, distinct gain-of-function
experiments between the two studies also
had different outcomes [4,5]. However,
the stimulation regimens as well as
experimental timing varied between the
two studies, and such differences are in
line with previous studies demonstrating
that myelination may be modulated only
when treatments occur during very narrow
windows of developmental time [17].
Together, these and previous studies
suggest that variance in neuronal activity
at critical time points creates a
competition for myelination amongst
axons, with the most actively signaling
neurons ‘winning’ stabilized myelin
sheaths.
Given that synaptic vesicles may be
directly signaling from axons to
oligodendrocytes, the new studies [4,5]
present an obvious and crucial question:
what is the cue contained within synaptic
vesicles? Two possibilities are glutamate
and ATP, which were shown to be
released from dorsal root ganglion
neurons onto OPCs in culture to drive
local translation of Myelin basic protein
(Mbp), a key myelin protein [18]. This local
Mbp synthesis requires Fyn kinase
signaling, which has also been shown to
control the number of myelin sheaths
generated by an individual
oligodendrocyte [16,18].
The myelin landscape throughout the
brain is dynamic throughout development
andchanges in response toenvironmental
cues [17,19,20]. These reconfigurations
may reflect a stabilization of changing
neuronal circuits or may specifically
produce an additional level of regulation of
neuronal function. On the cellular level,
Mensch et al. [4] and Hines et al. [5]
contribute to growing evidence that
neuronal activity is an instructive cue for
myelination. Their findings that synaptic
vesicle release from specific axons
modulates the myelinating capacity of
individual oligodendrocytes hints at the
exciting possibility that local axon-to-
oligodendrocyte synaptic activity is a key
instructive cue for stabilizing nascent
myelin sheaths in the developing, plastic
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The journey from seedling to plant requires guidance in the dark to establish which directions the roots and
shoots should grow. A new study shows that, after germinating in darkness, plant seedlings sense the oxygen
content of the surrounding airspace to guide further development.Sunshine and fresh air—what sounds like
the perfect recipe for a children’s summer
camp is actually also the preferred
environment for plant seedlings to grow.
But what if conditions are not perfect? It
has been known for a long time that plants
monitor light availability to optimize early
seedling development. If light is scarce
after the seedling emerges from the seed
coat, which happens, for instance, if a
seed germinates below a layer of soil or
dead leaf material, the seedling reacts
with skotomorphogenic (‘dark-shape’)
development. Instead of developing
green-colored expanded cotyledons
(cotyledons are the leaves already
present in the embryo) to catch sunlight,
cotyledons remain small and yellow, and
most energy is used to promote stem
elongation (to break through the soil).
Importantly, the sensitive cells of the stem
cell-like apical meristem, which resides
at the top, are protected by an ‘apical
hook’ — the stem bends almost 180
degrees at a position right below the top,
to form a hook. In this way, the apical
meristem cells are protected from the
mechanical stress inherent in sub-surfacestem elongation (Figure 1A), with cells that
contribute to stem elongation passing
through this hook zone.
Hook formation is intimately linked to
asymmetric distribution of the growth
hormone auxin, and of other small
molecules with hormone function, such
as ethylene and gibberellic acid [1].
Light has been known for a long time to
suppress skotomorphogenesis. In an
optimal situation, the top of the seedling
reaches the surface before all resources
are exhausted, can unfold the leaves
and catch sunlight to resume growth via
photosynthesis. How do plants react if,
after stem growth using seed resources
comes to an end, the plant’s top does not
reach the surface? A recent publication in
Current Biology [2] now shows that the
further fate of the seedling depends on the
air quality. Unlike humans, though, for
which ‘freshness’ of ambient air is mostly
determined by the CO2 content, plants
monitor oxygen levels (Figure 1B).
An oxygen-sensing module of plants
was first described in 2011 by two
groups [3,4]. At the core of plant oxygen
sensing is a group of transcription factors(five in Arabidopsis) called group seven
ethylene response factors (ERF VII). The
start methionine of their open reading
frame is followed by cysteine in position
two. After methionine removal, the
amino-terminal cysteine residue is
oxidation sensitive. The oxidative
modification step depends on oxygen
levels. Oxidation is initiated by
S-nitrosylation [5] and/or by the activity
of recently discovered plant cysteine
oxidases [6]. The resulting amino-terminal
cysteic acid (in which the sulfur is
converted to a sulfonic acid) leads to
degradation by the N-end rule pathway of
ubiquitin-proteasome-dependent protein
turnover [7–9]. At lower levels of oxygen,
oxidation occurs significantly slower,
coming to an almost complete halt below
2% of oxygen. Without oxidation, ERF VII
transcription factors accumulate in
the nucleus and drive expression of
hypoxia-induced genes.
How do oxygen levels make a
difference? In normoxia, after maximal
stem elongation is reached, the apical
hook opens slowly, possibly in hope that
the same cracks in the soil that bring2015 Elsevier Ltd All rights reserved R565
